ZnO microstructures with various morphologies have been controllably synthesized by hydrothermal route using different precipitant and zinc source in liquid solution. X-ray diffraction (XRD) and scanning electron microscopy (SEM) were used to characterize the ZnO 2 , Zn(OH) 2 and ZnO structures to understand the role of precipitant and precursors in the growth of various morphologies. The nucleation and growth process can regulate by changing the precipitant. When H 2 O 2 was used as precipitant, ZnO particles with a rather uniform particle size of ∼500 nm and a rather rough surface was obtained. While, ZnO synthesized in this polyvinyl pyrrolidone (PVP) solution has the same granular morphology with particle size of 300-1000 nm. In contrast, ZnO sunflower and polyhedron aggregates composed of several smaller polyhedron were formed, when ammonium hydroxide and NH 4 HCO 3 was applied, respectively. Meanwhile, precursors play an important role in the determination of the morphology of ZnO. Sunflower and dumbbell like ZnO composed of nanosheets were obtained, when different centrifugal component of Zn(OH) 2 suspension was applied as zinc source. In contrast, sunflower and dumbbell like ZnO composed of nanorods and ZnO rods were obtained, when different centrifugal components of ZnO 2 suspension were used as zinc sources. The growth mechanism of ZnO nanostructures fabricated by the hydrothermal process using different zinc sources was tentatively investigated.
INTRODUCTION
Nanocrystalline ZnO with direct wide band gap (3.37 eV) and large excitation binding energy (60 meV) has attracted considerable attention over the past decade due to its potential applications in solar cells, sensors, catalysts, optoelectronics, field emission, and so on. [1] [2] [3] [4] [5] Rapid progress has been attained during recent years concerning the preparation of ZnO nanostructures using different approaches. Among those approaches, vapor-liquid-solid, chemical vapor deposition, and thermal evaporation are the three major vapor methods to fabricate these materials. [6] [7] [8] However, complex procedures, sophisticated equipments or rigid experimental conditions are principle drawbacks of those methods. On the contrary, hydrothermal route has shown tremendous promise as alternative for simple preparation method because of its low growth temperature, costeffective, less-complicated techniques and good potential for scale-up. 9 -12 * Author to whom correspondence should be addressed.
In the past few years, the controlled synthesis of ZnO nanostructures with different morphologies using simple hydrothermal technique has attracted much attention. [13] [14] [15] So far, several ZnO-based hierarchical nanostructures, including bar-shaped ZnO clusters, flower-like ZnO, ZnO microjavelins, nanosheets and nanowires were obtained. [16] [17] [18] [19] [20] However, most of the previously reported synthetic methods are usually suitable for obtaining a certain specific morphology. Meanwhile, most of 2D ZnO nanostructures were fabricated through the surfactants or structure-directing reagents assistant assembly mechanisms. [21] [22] [23] But the controllable synthesis of ZnO nanostructures with various morphology with simple method, in the absence of any surfactants and through the same initial zinc source still remains a tremendous challenge.
In this paper, we report on the controlled synthesis of ZnO structures with different morphologies using a simple hydrothermal technique through different pretreatments of Zn(Ac) 2 
MATERIALS AND METHODS
2.1. One-Step Hydrothermal Synthesis of ZnO 2 g of Zn(CHCOO) 2 · 2H 2 O was dissolved in 100 mL of distilled water under stirring. 1 mL of ammonium hydroxide was added into the solution. Subsequently, 40 mL solution was transferred into Teflon-lined stainless steel autoclaves which were sealed and maintained at 120 C for 24 h. Finally, the products were centrifuged, washed with distilled water and ethanol to remove the ions possibly remaining in the final product, and dried at 60 C in air.
In order to investigate the effects of the precipitant, another three samples were prepared by this same procedure except that 1 mL of ammonium hydroxide was replaced by 4 mL of H 2 O 2 , 1 g of polyvinyl pyrrolidone (PVP) and 1 g of NH 4 HCO 3 , respectively.
Two-Step Hydrothermal Synthesis of ZnO

Synthesis of ZnO Using Zn(OH) 2 Suspension
4 g of Zn(CHCOO) 2 · 2H 2 O was dissolved in 100 mL of distilled water under stirring, and then the solution was keep at 90 C for 1 h. The finally Zn(OH) 2 suspension was obtained. Three ZnO structures were prepared by hydrothermal method using Zn(OH) 2 suspension as zinc source.
(1) 40 mL of Zn(OH) 2 suspension and 1 mL ammonium hydroxide were transferred into Teflon-lined stainless steel autoclaves which were sealed and maintained at 120 C for 24 h; (2) 40 mL of Zn(OH) 2 suspension was centrifuged, and then the supernatant was discharged. Subsequently, the final Zn(OH) 2 suspension was formed by diluting the Zn(OH) 2 precipitate to 40 mL with distilled water. Finally, 40 mL of Zn(OH) 2 suspension and 1 mL of ammonium hydroxide were transferred into Teflon-lined stainless steel autoclaves which were sealed and maintained at 120 C for 24 h; (3) 40 mL of Zn(OH) 2 suspension was centrifuged, and then the precipitate was removed. Subsequently, the final supernatant and 1 mL of ammonium hydroxide were transferred into Teflon-lined stainless steel autoclaves which were sealed and maintained at 120 C for 24 h; Finally, the products were centrifuged, washed with distilled water and ethanol to remove the ions possibly remaining in the final product, and dried at 60 C in air.
Synthesis of ZnO Using ZnO 2 Suspension
4 g of Zn(CHCOO) 2 · 2H 2 O was dissolved in 100 mL of distilled water under stirring, and then 20 mL of H 2 O 2 (30%) was added into the solution. The final ZnO 2 suspension was obtained the solution by keeping the solution at 90 C for 1 h. Three ZnO structures were prepared by hydrothermal method using ZnO 2 suspension as zinc source.
(1) 40 mL of ZnO 2 suspension and 1 mL of ammonium hydroxide were transferred into Teflon-lined stainless steel autoclaves which were sealed and maintained at 120 C for 24 h; (2) 40 mL of ZnO 2 suspension was centrifuged, and then the supernatant was discharged. Subsequently, the finally ZnO 2 suspension was formed again by diluting the ZnO 2 precipitate to 40 mL with distilled water. Finally, 40 mL of ZnO 2 suspension and 1 mL of ammonium hydroxide were transferred into Teflon-lined stainless steel autoclaves which were sealed and maintained at 120 C for 24 h; (3) 40 mL of ZnO 2 suspension was centrifuged, and then the precipitate was removed. Subsequently, the final supernatant and 1 mL of ammonium hydroxide were transferred into Teflon-lined stainless steel autoclaves which were sealed and maintained at 120 C for 24 h; Finally, the products were centrifuged, washed with distilled water and ethanol to remove the ions possibly remaining in the final product, and dried at 60 C in air.
Characterization
The crystalline phase and purity of the nano-crystalites were checked by an X-ray diffractometer (XRD) (Brukeraxs, Model: D8 Advanced). Scanning electron microscope (SEM) (Hitachi S-3000N) was used to characterize the morphology as well as the microstructure, using an accelerating voltage of 20 kV.
RESULTS AND DISCUSSION
The Effects of Precipitant on the
Morphology of ZnO Figure 1 shows the SEM images of ZnO synthesized by hydrothermal process using different precipitant. In hydrothermal synthesis, precipitant significantly affected the morphology of nanostructures. ZnO nanoparticles have a granular morphology with a rather uniform particle size of ∼500 nm and a rather rough surface ( Fig. 1(a) ) when H 2 O 2 was used as precipitant. Obviously, the product is composed of submicroshperes, and almost all of them have an uniform size and present one kind of structure. structures consisted of the ZnO prism petals with several micrometers in length. The definition of the flowerlike ZnO structure comes from the geometrical similarity to sunflowers. In contrast to the formation of ZnO nanoparticles in H 2 O 2 solution, ZnO synthesized in this PVP solution has the same granular morphology with particle size of 300-1000 nm ( Fig. 1(c) ). It is important to mention that all these structures were synthesized almost under the same reaction condition except for the precipitant. Different intermediate products were temporarily formed during the hydrothermal process in different solution. It was further confirmed by the result of ZnO synthesized using NH 4 HCO 3 as precipitant. As seen from Figure 1 (d), ZnO polyhedron aggregates composed of several smaller polyhedrons were formed when NH 4 HCO 3 was applied as precipitant.
The Effects of Zn(OH) 2 on the Morphology of ZnO
To study the effect of Zn(OH) 2 on the morphology, we prepared samples by two-steps hydrothermal process. Firstly, Zn(OH) 2 suspension was obtained by keeping the Zn(Ac) 2 solution in 90 C for 1 h, and then the suspension was centrifuged. Finally, different centrifugal components were selected as zinc sources to synthesize ZnO with different morphologies. In Figure 2 , the XRD spectra of the Zn(OH) 2 synthesized at 90 C and ZnO synthesized by hydrothermal process using different centrifugal components as zinc sources are presented. Diffraction peaks in Figure 3 shows the SEM images of ZnO microcrystals prepared by the hydrothermal processes using the Zn(OH) 2 suspension, the supernatant of Zn(OH) 2 suspension, and different concentrations of precipitate of Zn(OH) 2 suspension as zinc sources respectively. As can be seen, different morphologies such as the sunflower, dumbbell and nanosheet were respectively hydrothermally vividly obtained from the Zn(OH) 2 suspension, the supernatant of Zn(OH) 2 suspension, and different concentrations of precipitant of Zn(OH) 2 suspension as zinc sources (Figs. 3(a-d) ). Interestingly, ZnO particles prepared using the Zn(OH) 2 suspension as the zinc source have two types of morphologies (Fig. 3(b) ). Some have the morphology of sunflower, which is the same morphology as the ZnO prepared using the precipitate of Zn(OH) 2 suspension as the zinc source (Fig. 3(c) ). While, others have the morphology of dumbbell, which is the same morphology as the ZnO prepared using the supernatant Zn(OH) 2 suspension as the zinc source (Fig. 3(a) ). In order to investigate the effects of the concentration of Zn(OH) 2 on the morphology of ZnO, ZnO particles were obtained from different initial concentrations of Zn(Ac) 2 solution. Figure 3( (20 g/L) as the zinc source, from which one can see ZnO aggregates were composed of many thin nanosheets. Careful examination reveals that these ZnO nanosheets were 200-600 nm in length and in width and about 50 nm in thickness. When the initial concentration of Zn(Ac) 2 solution increased from 40 g/L to 60 g/L, ZnO sunflowers were obtained (Figs. 3(c and e) ). Further increasing the initial concentration of Zn(Ac) 2 solution to 80 g/L resulted in the formation of ZnO sunflowers of larger size and ZnO bulk sheets, as can be seen from the corresponding SEM image provided in Figure 3(f) . The average thickness of the ZnO bulk sheets was around 800 nm, and the average diameter of the ZnO bulk sheet was approximately 10 m.
Growth Mechanism of ZnO Prepared by Hydrothermal Process Using Zn(OH) 2 as Zinc Precursor
Synthesis of ZnO nano-or micro-structures form aqueous solution containing Zn(OH) 2− 4 ions has been reported just from the near recent years. Figure 4 shows the schematic growth diagram of the ZnO sunflower and dumbbell prepared by hydrothermal processes. It could be concluded that the formation of such flowerlike and dumbbell-like ZnO nanostructures were achieved via a two-step nucleation and growth mechanism. Initially, ZnO nanosheets were formed through conventional nucleation and a subsequent crystal growth process. Then, ZnO nanosheets with some nanoparticles were formed via another conventional nucleation on the ZnO nanosheet and a subsequent crystal growth process. From the thermodynamics point of view, the surface energy of an individual nanosheet was quite high with two main exposed planes, and thus they tended to aggregate to decrease the surface energy by reducing exposed areas. As a result, ZnO sunflowers were constructed by this two-step nucleation and growth process. On the contrary, when using the centrifugal supernatant as a zinc source, the growth of the individual crystallite in the twin crystal took place along the polar c-axis by means of the incorporation of growth units on the growth interfaces (0001) and thus dumbbell-like ZnO crystals were formed ultimately. The whole reactions of the formation of dumbbell-like ZnO included two reaction steps (Eqs. (3-4) ). While the formation of ZnO sunflower included four reaction steps (Eqs. (1-4) ).
The Effects of ZnO 2 on the Morphology of ZnO
In Figure 5 , the XRD spectra of the ZnO 2 synthesized at 90 C in H 2 O 2 solution and ZnO synthesized by hydrothermal process using different centrifugal component of ZnO 2 suspension as zinc source are presented. As can be seen from Figure 5 (a), the XRD pattern of ZnO 2 particles confirmed that Zn 2+ has transform into ZnO 2 during the process of heating in the presence of H 2 O 2 , for the lattice parameters are in good agreement with the JCPDS file of ZnO 2 (JCPDS 01-1150), Figures 5(b)-(d) Figure 6 illustrates the SEM images of ZnO 2 particles and ZnO synthesized by the hydrothermal processes respectively using the suspension, supernatant, and precipitant of the ZnO 2 suspension as the ZnO precursors. As elucidated in Figure 6 (a), In the presence of H 2 O 2 , the ZnO 2 precipitates were composed of granular particles of 150 nm in diameter, and almost all of them have uniform size and present one kind of structure. The mechanism of formation of ZnO 2 particles from Zn(Ac) 2 aqueous solution has been developed as Eqs. (5) (1) the flowerlike structure consists of multiple clusters of sword-like rods initiating from the same center; (2) the dumbbell structure consists of two clusters of nanorods laterally initiating from the center rod. ZnO nanorods of 500 nm in diameter and 10 m in length were obtained in the hydrothermal process using the ZnO 2 as a zinc source (Fig. 6(b) ). To depict the mechanism for the growth of dumbbelllike ZnO, the growth process was also monitored by timedependent observations. Hydrothermal processes using ZnO 2 suspension as the zinc source after aging for 8 and 16 h were also preformed. Figures 6(d) and (e) show the SEM images of the prepared ZnO nanostructures. At the beginning of the hydrothermal process needlelike ZnO nanorods were formed (Fig. 6(d) ). When the aging times was extended, it can be seen from Figures 6(e) and (f) that one bunch of nanorods first growth from the bigger end of the needlelike nanorod and then the other bunch of nanorods grew from the other end of the needlelike nanorod.
Growth Mechanism of ZnO Prepared by
Hydrothermal Process Using ZnO 2 as a Zinc Precursor Figure 7 shows the schematic growth diagram of the different ZnO nanostructures fabricated by the hydrothermal process using different centrifugal component of ZnO 2 suspension as zinc sources. In a very early stage, as this hydrothermal reaction progress, more and more ZnO 2 are formed in the solution. We have identified these spherical ZnO 2 seeds by lowering the reactant temperature ( Fig. 6(a) ). As soon as the primary ZnO 2 seeds are formed, they rapidly assemble to larger, more-stable secondary nanorods under hydrothermal condition. During the same process, Zn(OH) 2 seeds are also formed through reaction (7). When using the precipitant of ZnO 2 suspension as the zinc source, ZnO 2 seeds play an important role in the formation of rod-like ZnO. On the contrary, when using the supernatant of ZnO 2 suspension as the zinc source, both ZnO 2 and Zn(OH) 2 seeds play an crucial role in the formation of flower-like ZnO. It can safely draw the conclusion that ZnO 2 seeds lead to the formation of rod and Zn(OH) 2 seeds lead to the formation of branches. It was further confirmed by time-dependent observations of ZnO prepared by hydrothermal process using ZnO 2 suspension as the zinc source. Initially, ZnO 2 seeds assemble to larger, more-stable secondary rods under hydrothermal condition, and then two bunch of rods are formed because Zn(OH) 2 seeds formed and another preferential growth occurred through oriented attachment along the (100) plane.
CONCLUSIONS
In summary, the controllable synthesis of ZnO with different morphologies by hydrothermal route using different precipitants and zinc sources in liquid solution has been reported. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] zinc nanoparticles are finding various application in medical and many other scopes, we believe our investigation may be helpful to make use of zinc particles more widely.
